Abstract-A theoretical investigation of high-pressure discharges ionized by an external electron beam (e-beam) was conducted. Only when secondary emission from the cathode and electron-impact ionization of metastable states were included in the analysis did calculated current-voltage (I-V) characteristics for argon and methane discharges compare well with experimental data. The I-V characteristics obtained reveal a sharp rise in the current at a certain threshold voltage. This threshold voltage and the entire I-V characteristic are shifted to lower voltages when metastable ionization is significant. Below the threshold voltage and at low external ionization source strengths, a region of negative differential conductivity is obtained. In the high-current region, the I-V slope is controlled by the secondary emission coefficient. The additional cathode sheath ionization from secondary emission and ionization from metastable states significantly reduces the discharge voltage. This important effect can be used to reduce e-beam switch losses and increase lifetime through judicious gas mixture selection and proper cathode conditioning.
INTRODUCTION R IGH-PRESSURE DISCHARGES ionized by the external
electron beam (e-beam) offer unique advantages for use as high-power switches. They are capable of switching, both on and off, large currents at high voltages. Initial experiments [1], [2] using very high e-beam current densities, have proven the feasibility of this concept. Recent experiments [31, which used very low e-beam current densities, achieved a much higher current gain, i.e., the ratio of the discharge current switched to the e-beam current. In these experiments, discharge current densities of more than 1 A/cm2 have been achieved and current densities of 10 A/cm2 are considered to be obtainable. The e-beam current density required to control the switch is low, ranging from 1.5 to 50 mA/cm2. Thus using a moderate power electron gun (e-gun), "on" operation time of 10-5-10-4 s are achieved without being limited by overheating of the foil which separates the e-gun vacuum and the discharge gas.
The repetition rate of these switches is limited only by the cooling characteristics of the gas volume. It is, therefore, de- current density, has already been shown in [1 ] to result in an undesirable reduction in the current gain of the switch. Another approach pursued in [21, [31 is based upon using gases or gas mixtures with very high drift velocity. The third method optimizes the additional ionization in the cathode sheath which has been predicted by [4] , [5] and measured in some detail in [3] .
In order to improve e-beam switch design through judicious gas mixture selection and enhancement of cathode sheath ionization processes, a better theoretical understanding of these discharges is required. The theory of e-beam ionized discharges has been treated by numerous authors and the effect of cathode sheaths has been investigated in [41, [5] . A particularly clear treatment was presented by Lowke and Davies [6] . They investigated externally ionized discharges at the very low gas pressure and electron density usually associated with charged particle counters. They also considered the intermediate gas pressure and electron density case for an e-beam ionized discharge. This paper, based on their theoretical development, analyzes an externally ionized discharge at higher current densities and considers the important effects of secondary emission by ion bombardment of the cathode and ionization via metastable states. These theoretical results are compared to experimental measurements in argon and methane and their implications for e-beam controlled switches are discussed.
BASIC EQUATIONS AND ASSUMPTIONS A one-dimensional geometry is adopted with the cathode located at the position x = 0 and the anode at x = d. The positive direction for the electric field, current densities, and spatial coordinate are thus defined to be from cathode to anode.
The e-beam source strength, S (electron-ion pairs cm-3 * S-1) is assumed to be spatially uniform and independent of the voltage applied to the plane-parallel electrodes.
Space-charge effects in these discharges are significant. Consequently, particular attention has been directed toward analyzing the electrode sheath regions. In such an analysis, it is necessary to consider the detailed interactions occurring within the plasma. Experimental data or theoretical values based upon a numerical solution of the collisional Boltzmann equation are used to establish the reaction rates (ionization, excitation, and recombination) and transport properties (mean energy, drift velocity, and diffusion coefficient). Use of these rates assumes that the discharge is in equilibrium with the local U.S. Government work not protected by U.S. copyright value of the sustaining electric field. The validity of this assumption may be questioned in the electrode regions where spatial variations in the electric field are significant; however, the major features of the solutions that are obtained are unlikely to be significantly in error [6] .
Based upon an assumed quasi-equilibrium, the gas discharge was analyzed using a set of 4 coupled first-order differential equations. These equations are: the continuity equations for electrons and positive ions, the electron flux [7] .
SPECIFICATION OF BOUNDARY CONDITIONS
The boundary conditions at the electrodes were determined from the physical requirements on the ratio of electron to ion fluxes at the electrodes. The secondary emission coefficient ,y is defined as the ratio of the liberated electron and incident ion fluxes at the cathode. In this analysis, coefficients ranging from 0.001 to 0.050 have been considered. Expressing the electron flux at the cathode in terms of the secondary emission coefficient and the positive ion flux or total current J, the cathode boundary condition is je = 7j+ = 0 _ (11) 7y-e (9) where we have imposed the current continuity requirement that J/e = je -+.
In specifying the boundary condition at the anode, 2 different cases must be considered. In the first case, the electric field is positive at the anode. Positive ions are therefore driven toward the anode and yield secondary electrons on impact. In this case, the boundary condition at the anode is identical to that at the cathode, namely (11) . Conversely, if the electric field is negative in the anode region, electrons are driven into the anode producing an ion flux defined by (12) where n is the ion secondary emission coefficient. This coefficient is extremely small; thus we can approximate the boundary condition at the anode for E > 0 as j+ = 0. Using this approximation, (5) implies n+ = 0 at the anode for E $ 0.
Subject to these boundary conditions, the coupled set of differential equations (8) were integrated. In the following sections, the resulting distributions of the number density of positive ions and electrons and the spatial variation of the discharge voltage are presented. These macroscopic distributions are then used to generate theoretical current-voltage characteristics for comparison with experimental data.
DISTRIBUTION OF ELECTRON AND ION DENSITIES IN
THE HIGH-CURRENT CASE With switching applications in mind, we will restrict our theoretical investigation to current densities above 10 mA/cm2 where the increased electric field in the cathode sheath causes significant Townsend ionization. As a point of reference, however, Fig. 1 shows the electron and ion densities and discharge voltage calculated for a current below this ionization threshold. In this case the positive space charge in front of the cathode produces a large electric field (4 kV/cm max), but it is not sufficient to cause significant Townsend ionization. When the discharge current is increased and the ionization threshold exceeded (Fig. 2) , significant Townsend ionization in the cathode, sheath occurs and a peak in the positive ion density appears. The peak arises because the Townsend ionization rate, which is proportional to ne exp (-(A/iE)), is small near the cathode, where the electron density is low. This rate increases as the electron density increases in the sheath region and then decreases close to the beginning of the positive column where the electric field is small. Fig. 2 COMPUTED AND EXPERIMENTAL I-V CHARACTERISTICS Current-voltage characteristics, for a given source strength and electrode separation, were constructed from a series of calculations using the current density as the independent variable. Initially these calculations were performed for a gas pressure of 760 torr, an electrode separation of 0.3 cm, a secondary emission coefficient of 0.02, and considered only Townsend ionization from the ground electronic state. Figs. 5 and 6 show the results obtained for argon. At low-current densities, almost the entire voltage drop in the discharge occurs in the cathode sheath and the discharge current density increases relatively slowly with increasing voltage (region AB, Fig. 6 ). At a particular threshold or "ignition" voltage, there is a sharp increase in the slope of the I-V curve. Beyond this ignition voltage, the discharge current density increases rapidly (region CD). This sharp rise in the current density is due to the rapid increase of Townsend ionization in the cathode sheath. In this current density/voltage regime, the current density is then determined primarily by the mobility and density of electrons in the plasma region and is approximately proportional to the total discharge voltage. The transition from the low to high conductivity regions occurs smoothly for large external ionization source strengths. However, at lower source strengths, regions of negative differential conductivity occur, as in region BC (Fig. 6 ). In this I-V regime, the effective resistance is negative as the discharge reconfigures itself into a more efficient operating mode. This behavior can be compared to the transition from a subnormal to a normal glow discharge. These regimes of negative differential conductivity were also observed in similar calculations by Velikhov et al. [4] and Zakharov et al. [5] , for N2 discharges. Although Zakharov [5] maintained that this region was not physically observable, Averin et al. [9] reported that by using a large enough external (load) impedance, they were able to experimentally map out this transition region. The experimental results from [3] are also shown in Fig. 6 . The negative differential conductivity regime was observed in this experiment, but only as an unstable transition from one I-V region to another, even when using a current source (corresponding to an infinte load resistance). At larger source strengths, where the cathode sheath field and sheath thickness are reduced (see Fig. 2 ), this unstable region disappears and the transition from external ionization control of the sheath to a combination of Townsend and external ionization occurs smoothly. Three discrepancies are apparent between the theoretical and experimental characteristics displayed in Fig. 6 : the experimental curves have a much steeper slope, the separation between the experimental I-V characteristics is smaller, and the discharge voltage is lower. The slope in the high conductivity region is controlled by the secondary emission coefficient, Fig. 7 . This slope increases with increasing y as is also shown in Fig. 7 . Based on this identification and scaling, the experimental data suggest that a much higher value of y than that associated with the ground state is effective. One is led to consider the influence of excited, or more specifically, metastable states. Secondary emission coefficients as large as 0.50 have been reported for argon metastables [101. In addition, there is spectroscopic evidence that significant concentrations of metastable argon atoms are present in this type of discharge [3] . Theoretical I-V characteristics with slopes similar to those observed experimentally would therefore result from the much larger and more realistic value of y associated with the metastable argon state.
The presence of metastable argon atoms may also explain both the smaller separation and the lower voltages. Here Experimental source strength 2.81 * 1016 cm-3 s-1, source strength for calculated curve 3. 6 x 1016 cm-3 . S-1.
( Fig. 8) . The value of the secondary emission coefficient was maintained at 0.02. An experimental curve from [3] with a similar source strength and electrode gap is included for comparison. Although the metastable calculation was not carried to current densities below 7 mA/cm2, the experimental and calculated curves are now in reasonable agreement where they overlap. Thus the addition of metastable ionization shifts the I-V characteristic to lower discharge voltages, while leaving the slope of the high conductivity portion of the characteristic relatively unchanged. Further confirmation of the presence and importance of argon metastables is obtained by analyzing the electric field in the positive column. Assuming that Townsend ionization from the ground state is negligible, the number density of electrons in the positive column is obtained from the electron continuity equation (8a [3] . Thus using relatively simple assumptions, the very small electric fields experimentally observed in the positive column can be explained by the presence of metastables and the resulting two-step ionization. Methane has been suggested as a gas particularly well suited for an e-beam controlled switch application because of its very high drift velocity and high holdoff field strength. Using the same computational methods, I-V curves were calculated for methane discharges at 760 torr and compared in Fig. 9 with the experimental results of [3] . The increase in current density in the flat portion of the I-V curve is probably due to a higher drift velocity of the methane-argon mixture at the E/N value used compared to pure methane [121.
CONCLUSIONS The very nonlinear I-V characteristics of e-beam ionized argon and methane discharges can be understood in terms of cathode sheath effects and the associated additional Townsend ionization generated in the sheath region. As in the conventional cathode fall of a self-sustained discharge, the cathode fall of an e-beam ionized discharge is strongly influenced by the cathode secondary emission coefficient. Unlike the conventional discharge, the cathode fall of an e-beam discharge exhibits a strong dependence on the discharge current and is sensitive to the e-beam source strength.
The importance of Townsend ionization in the cathode sheath decreases when the external source strength is increased. However, if the current gain of e-beam controlled switches is to be in the range 102 _103 the e-beam source strength must be limited to values less than 1019 electron pairs cm-3 -s-1. The same limit is imposed by requirements for "on" times of lo-5 _0-4 s and high duty cycles. Consequently, in the parameter range of interest for switching applications, the cathode sheath ionization must indeed by considered and optimized.
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